Kawasaki disease (KD) is an immune-mediated vasculitis with symptoms that mimic febrile illness; the immune origin has been suggested but never proved. First, cell chip technology was used to screen immune targets cells. With the indirect immunofluorescence assay we found that the HeLa cell chip could be recognized by KD patient serum samples. The target cell proteome was extracted as antigens, and antigen recognition reaction was performed using the patients' serum as antibodies and the detected target protein was detected and identified as phosphoglycerate kinase 1 (PGK1). Then PGK1 was produced and tested with enzyme-linked immunosorbent assay (ELISA), Western blotting, immunoprecipitation and competitive inhibition immunofluorescence assay. Immunoglobulin (Ig)G against PGK1 was detected in 46% (23 of 50) sera of KD patients, 13% (five of 38) sera in febrile non-KD patients (FC) and 2·6% (one of 38) sera in healthy donors. As an immune target, PGK1 not only helps understanding of the pathogenesis, it also has potential value in facilitating the laboratory diagnosis of KD.
Introduction
Kawasaki disease (KD), also known as paediatric mucocutaneous lymph node syndrome, is an acute vascular inflammatory disease that occurs predominantly in infants and young children from the age of 6 months to 5 years [1] . Currently, the diagnosis of KD relies on clinical symptoms, such as fever persisting for 5 days or longer, changes on the lips, oral cavity and peripheral extremities, etc. [2] , as the main symptoms of Kawasaki disease do not have a significant clinical specificity and a higher proportion of atypical cases of KD. Conversely, due to lack of adequate clinical experience, some primary-level physicians have insufficient knowledge of the disease and cannot observe the condition in a timely and dynamic fashion, which may lead to the increase of clinical misdiagnosis of KD and even the risk of coronary arterial lesions [3] . Therefore, the development of Kawasaki disease-specific laboratory early diagnostic methods, screening and identification of specific targets for clinical diagnosis has become the focus of KD research. Most scholars believe that KD is involved in a combination of genetic factors, genetic susceptibility, infection and immune responses [4] . In all these factors immune responses may be implicated in the pathogenesis of KD, and an imbalance in the immune system induced by external infection may be involved in the pathogenesis and development of KD. In the persistent acute febrile phase of KD, the production of cytokines which associate with innate immune response is deemed as the defence of foreign pathogens [5] . The immunoglobulin (Ig)A antibodies infiltrate into vascular tissue, suggesting that lymphocytes are responding to certain antigens [6, 7] , which is suggestive of an acquired immune response. In general, these researches indicated that KD may be trigged by abnormal immune responses which may result in the production of antibodies. However, reports about immune responses of KD are relatively scarce; antibodies to peroxiredoxin 2 (PRDX2) and 4-trimethylaminobutyraldehyde dehydrogenase (TMABA-DH) have been described in KD patient serum [8, 9] , and anti-endothelial cell antibodies (AECA) have also been found in serum of KD patients [10] . However, the mechanisms of TMABA-DH and PRDX2 in causes of KD are not yet known.
Comprehensive utilization of bioinformatics, immunology and molecular biology methods to screen and identify potential biomarkers of disease efficiently is a universally recognized disease target discovery strategy. In our previous studies, immunological analyses were used to make a contribution to the identification of potential diagnostic biomarkers specific to immune-mediated diseases and other vasculitis-associated diseases [11] . As is widely known in the early diagnosis of many vasculitis and autoimmune diseases, there are some specific immune attack targets, and the related detection of antibody levels in the serum of patients has important reference value in the diagnosis of diseases [12] . As a typical systemic vasculitis disease, we speculate that there should be some potential targets for autoantibody attack; therefore, an in-depth study of antibody levels in the serum of KD patients can not only help to reveal the cause of KD, but is also useful to establish a new method of differential diagnosis of KD.
Material and methods

Serum samples
A total of 186 serum samples from Beijing Children's Hospital Affiliated of Capital Medical University were selected, including 80 Kawasaki disease patients [the KD serum samples were taken after intravenous Ig (IVIG) administration], 68 febrile non-KD patients and 38 age-matched healthy donors. The detailed clinical information of patients of KD, febrile controls (FC) and healthy controls (HC) is described in the Supporting information Tables. The subjects were selected according to the following criteria: KD was diagnosed based on the fifth revised edition of guidelines issued by the Japan Kawasaki Disease Research Committee in 2002 [13] ; febrile non-KD patients were selected among patients with fever lasting longer than 3 days and with symptoms mimicking KD. The study was approved by the Ethics Committee of Beijing Children's Hospital Affiliated of Capital Medical University. All subjects signed informed consent.
Cell line culture and immunofluorescence assays
HeLa cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco's modified Eagle's high glucose medium (DMEM) containing 10% fetal bovine serum (HyClone, South Logan, UT, USA) and 1% penicillin/streptomycin (PAA Laboratories GmbH, Pasching, Austria) in 5% carbon dioxide at 37°C at a constant temperature in the incubator.
For immunofluorescence assay pretreatment, HeLa cells were plated on sterile slides, incubated in a 5% CO 2 incubator at 37°C for 10 h, then fixed with 4% paraformaldehyde for 10 min at room temperature. The cell membrane was then treated by 0·2% Triton X-100 for 10 min. After incubation, the cell slips were blocked with 5% goat serum at 37ºC for 2 h.
An indirect immunofluorescence assay was performed as follows: using serum samples from KD patients, FC and HC were diluted 1 : 20 in phosphate-buffered saline (PBS) and incubated with the blocked cell slides for 1 h at 37°C. Coverslips were washed afterwards three times with 0·2% PBS Tween (PBST) and then incubated with fluorescein isothiocyanate (FITC)-conjugated goat-anti human IgG secondary antibodies (diluted 1 : 100 in PBS; ImmunoHunt, Beijing, China) at 37°C for 1 h in the dark. Finally, imaging analysis was performed using a confocal laser scanning microscope (Olympus, Tokyo, Japan).
Western blotting of HeLa cell extracts
HeLa cells were solubilized with RIPA solution (Beyotime, Jiangsu, China) containing 1 mM PMSF (Sigma-Aldrich, St Louis, MO, USA) and 1% protease inhibitor cocktail (Sigma-Aldrich). Cell extracts were separated on 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins in the gel were transferred onto polyvinylidene fluoride (PVDF) membranes (Merck Millipore, Burlington, MA, USA) and blocked with 5% non-fat milk at 37°C for 2 h. Serum samples of KD, FC and HC (1 : 1000 dilution in 1% skimmed milk) were then incubated with the PVDF membrane overnight at 4°C and washed with 0·1% PBST to remove non-specifically bound antibodies and incubated with horseradish peroxidase-conjugated (HRP) goat anti-human IgG antibodies (diluted 1 : 10 000 in TBS with 1% nonfat milk; ImmunoHunt, Beijing, China) at 37°C for 1 h. After washing, enhanced chemiluminescence (ECL; Applygen, Beijing, China) detection was performed and the positive band was cut and recovered for mass spectrometry analysis.
Protein expression and purification
First, total RNA of HeLa cells was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), then reverse transcription-polymerase chain reaction (RT-PCR) was carried out (Fermentas, Hanover, MD, USA). Human PGK1 gene was amplified by PCR and separated by agarose gel electrophoresis. The PCR products and pET28a (+) vector were both cut by EcoRI and XhoI restriction endonuclease. The expression of recombinant human PGK1 protein (rhPGK1) was induced in Escherichia coli BL21 (DE3) cultured at 28°C for 12 h with shaking at 200 rpm and recombinant human (rh)PGK1 was purified with nickel-nitrilotriacetic acid (Ni-NTA) resin (CWBIO, Beijing, China). Finally, the purity and sequence of PGK1 were confirmed with SDS-PAGE (the gel was stained by Coomassie Blue; Sigma-Aldrich) and liquid chromatography tandem mass spectrometry time-of-flight (LC-MALDI-TOF/TOF) mass spectrometry (protocols were consistent with our previous studies [14] ), respectively.
Enzyme-linked immunosorbent assay (ELISA)
First, rhPGK1 protein (500 ng/ml, dissolved in 0·05 M carbonate-bicarbonate buffer, pH 9·6) was diluted and added to a 96-well microplate (Coring, New York, NY, USA) at 4ºC for 12 h. The 96-well microplate was then blocked with 10% goat serum at 37ºC for 2 h. Serum samples of KD, FC and HC (diluted 1 100 in PBS) were added to the 96-well microplate and incubated at 37ºC for 2 h with a constant temperature. After washing with 0·3% PBST, goat anti-human IgG/HRP antibodies (diluted 1 10 000 in 0·05% PBST) were added and incubated at 37ºC for 1 h. After rinsing with 0·3% PBST, 50 μl of tetramethylbenzidine (TMB)-A and 50 μl of TMB-B were added to the 96-well microplate, respectively, then incubated at room temperature for 5 min in the dark. Finally, the reaction was terminated with 2 M H 2 SO 4 . The optical density (OD) 450 nm value of the reference absorbance at 620 nm was measured with a microplate reader (Tecan, Hombrechtikon, Switzerland).
PGK1-based Western blotting
RhPGK1 protein was separated by electrophoresis in 12% SDS-PAGE gel and transferred onto PVDF membranes. Afterwards, PVDF membranes were blocked with 5% non-fat milk at 37ºC for 2 h. PVDF membranes were cut into strips and incubated with KD, FC and HC serum samples (diluted 1 : 1000 in TBS containing 1% non-fat milk) at 4ºC overnight. After washing, goat anti-human IgG/HRP antibodies (diluted 1 : 10 000 in 1% non-fat milk) were incubated with PVDF membrane strips at 37ºC for 2 h, then positive target bands were detected with the ECL kit.
Immunoprecipitation
RhPGK1 protein (5 μg total protein per well) was incubated with 2 μl serum samples of KD, FC and HC overnight at 4°C on a rotator. Afterwards, 40 μl of protein A Sepharose beads (Sigma-Aldrich) were added and incubated at 4°C for 4 h on a rotator. The immune complex was obtained by centrifuge and analysed with 10% SDS-PAGE electrophoresis. Finally, anti-PGK1 polyclonal antibodies (Sangon Biotech, Shanghai, China) were used to verify whether the immune complex contained rhPGK1.
Competitive inhibition immunofluorescence assay
The serum samples were preincubated with rhPGK1 at 37°C for 1 h and the next processes were consistent with indirect immunofluorescence analysis.
Antigenic determinant prediction
As aforementioned, TMABA-DH and PRDX2 were identified as antigens of KD; thus, Bepipred Linear Epitope Prediction was performed for prediction of the epitopes [15] . Potential common epitopes between PGK1 and TMABA-DH, PRDX2 proteins were selected with the following standards: amino acid lengths were no less than 6 and occurred simultaneously in PGK1, TMABA-DH and PRDX2.
Statistical analysis
Statistical analysis was performed using spss software (version 21; SPSS Inc., Chicago, IL, USA). The MannWhitney U-test was used for comparison between the two groups. P < 0·05 was considered statistically significant. Receiver operating characteristic (ROC) analysis was carried out with MedCalc (version 9.2.0.1; MedCalc Software, Mariakerke, Belgium) and the diagnostic performance was evaluated. The fluorescence intensity of the cell chip was analysed semiquantitatively using Image J software (NIH, MD, USA).
Results
HeLa is potential target cell
The HeLa cells were cultured and used for the production of a cell chip for indirect immunofluorescence microarray. The results of the incubation of the cell chip with the serum samples are shown in Fig. 1 . Obvious fluorescence staining was observed in the KD group, whereas no significant fluorescence staining was observed in the FC and HC groups. The fluorescence intensity ratio of cell chips in the KD group was analysed semiquantitatively by Image J software (Supporting information, Appendix Fig. S1 ), and was significantly higher than that in the FC and HC groups (P-values were all less than 0·05). The fluorescence intensity difference between each group was statistically significant, indicating that the proteins on the cell chip can be recognized by antibodies in the serum of KD patients, and HeLa cells can be used as target cells for screening KD immune targets.
Identification of novel antigens in HeLa
Proteome of HeLa cells was extracted and used as antigens, separated by SDS-PAGE electrophoresis before being transferred onto PVDF. Then Western blot analysis was performed using serum samples as the primary antibodies. Sheep anti-human IgG/HRP was used as secondary antibody to detect serum samples. As a result, one of 12 KD serum samples showed a clear band at 45 kDa (Fig. 2) ; no positive bands were detected in 12 FC controls and 12 HC control serum samples. The 45 kDa protein was then excised from polyacrylamide gel followed by analysis with mass spectrometry. Finally, the amino acid sequence of the target protein was compared with the protein in the mascot bioinformatics database (Supporting information, Appendix Table S1 ) and shared high sequence homology with human PGK1 protein (Fig. 2) , indicating that the positive band at 45 kDa was PGK1 protein, and the KD immune target of PGK1 was recognized by antibodies in serum samples.
Expression and purification of rhPGK1 protein
The human PGK1 protein was produced by recombinant DNA technology for further use in our study. Human PGK1 gene was amplified with PCR and verified by running 0·8% agarose gel electrophoresis (Fig. 2c) . Then, recombinant plasmid pET-28a(+)/PGK1 was constructed successfully and transformed into the E. coli BL21 (DE3) strain. After inducing, the E. coli extracts were analysed by SDS-PAGE electrophoresis and a strongly overexpressed protein band appeared between 40 kDa and 50 kDa. Then, protein containing his-tag was purified with Ni-NTA resin (Fig. 2d) and its sequence was verified with LC-MALDI-TOF/TOF (Supporting information, Appendix Table S2 ).
Prevalence of the anti-PGK1 antibodies in sera of KD patients
The levels of anti-PGK1 antibodies in 126 serum samples were detected by ELISA. The OD value of anti-PGK1 antibodies in KD serum was 0·2582 ± 001830999 [mean ± standard deviation (s.d.)]. The ROC curve was used to evaluate the performance of PGK1 as a KD immune target in clinical diagnosis (Fig. 3a) . The area under the curve was 0·863 [95% confidence interval (CI) = 0·773-0·927; P < 0·01]. The critical point of positive reaction was calculated (healthy controls, mean ± 2 s.d., cut-off value = 0·243). In the KD serum sample, the anti-PGK1 antibody-positive rate was 46% (23 of 50), while in the corresponding FC and HC groups the positive rate of anti-PGK1 antibodies was 13% (five of 38) and 2·6% (one of 38), respectively. The statistical analysis of ELISA results by spss software showed that there was a significant difference between KD group and FC and HC (Fig. 3b) . The levels of anti-PGK1 antibodies in serum of KD patients were significantly higher than those of FC and HC. In addition, the prevalence of anti-PGK1 antibodies in KD was validated in another group series of samples; 19 of 30 patients with KD (63·3%), 10 of 30 patients with FC (33·3%) and one of 30 HC (3·3%) serum samples had a positive reaction (Supporting information, Appendix Fig. S2 ). As shown in Supporting information, Appendix Table S3 , there was no significant difference in the clinical and laboratory dates between the KD groups with and without anti-PGK1 IgG antibodies.
PGK1 protein is a novel antigen of KD
To further test the binding capacity of KD serum antibodies to PGK1 protein, we performed Western blotting, immunoprecipitation and competitive inhibiting immunofluorescence assay.
First, rhPGK1-based Western blotting was performed with 15 KD, five FC and five HC serum samples. It was shown that rhPGK1 protein could be recognized successfully by sera from KD patients (three of 15), whereas all FC and HC demonstrated a negative antigen-antibody reaction (Fig. 4) .
Secondly, immunoprecipitation was performed to confirm further whether the PGK1 was a real antigen of KD. As shown in Fig. 4 , a 45-kDa protein band was clearly present in the immune complex (Fig. 4b) , which was identified as rhPGK1 by Western blotting with anti-PGK1 polyclonal antibodies (Fig. 4c) .
Furthermore, a competitive inhibiting immunofluorescence assay was performed to analyse the inhibitory effect of rhPGK1 on KD patient serum bond with HeLa. As a result, the bonding activity of KD serum in vitro was reduced by rhPGK1 (Fig. 5a+, b+, c+) , the fluorescence intensity ratio was significantly different between the experimental group (preincubated serum with rhPGK1) and the control group (Supporting information, Appendix  Fig. S3 ).
Epitopes sequence similarities between PGK1 and other antigens of KD
According to antigenic determinant prediction analysis, epitope peptides of PGK1 (15), TMABA-DH (19) and PRDX2 groups. Anti-PGK1 antibodies were detected in 23 of 50 KD patients (46%), five of 38 FC (13%) and one of 38 HC (2·6%). The reactivity of KD serum immunoglobulin (Ig)G antibodies against PGK1 was found to be significantly higher than that of FC (P < 0·0001) and HC (P < 0·0001). The cut-off value was 0·243 [healthy controls mean ± 2 standard deviations (s.d.)].
(seven) were shown ( Fig. 6 and Supporting information, Appendix Table S4 ) and three predicted epitopes of PGK1 were similar to epitopes of TMABA-DH and PRDX2, respectively (Fig. 6d) . A more interesting discovery is that one predicted epitope (133-146, -KDASGNKVKAEPAK-) of PGK1 co-occurred in TMABA-DH and PRDX2 proteins.
Discussion
As an immune-mediated disease of KD, its aetiology was associated with infection and abnormal immune responses. According to studies on clinical and epidemiological data, the occurrence of KD is related closely to factors such as superantigen [16] and a T cell-mediated immune response that is triggered by bacterial infection [17] . In the course of the research on KD, although there were some related reports of infection and autoimmunity, the corresponding infection sources and immune targets were poorly understood. Cytokines as immune markers were detected in KD, such as interleukin (IL)-1 beta and IL-10 et al. [18, 19] ; studies in serum immune level are relatively scarce. Fujieda et al. examined the production of anti-PRDX2 antibodies in 43·3% sera of KD patients [8] , and Karasawa et al. found up-regulated secretion of cytokines and chemokines such as IL-6, IL-8 and granulocyte colonystimulating factor (G-CSF), which was produced by stimulating human umbilical vein endothelial cells (HUVEC) with rabbit anti-PRDX2 antibodies [20] , suggesting that anti-PRDX2 antibodies may initiate vasculitis of KD. In addition, Matsunaga et al. discovered that the anti-TMABA-DH antibodies were increased significantly in sera of KD patients [9] . Interestingly, the PRDX2 proteins that have powerful peroxidase activity and TMABA-DH, which catalyzes the oxidation of aliphatic and aromatic aldehydes [21, 22] , are both involved in oxidation. PGK1 protein identified as an antigen of KD in our study was concerned primarily with glucose oxidation. Therefore, oxidation may inter-relate with the cause of KD. Is there any similarity in sequence or structure between PGK1, TMABA-DH and PRDX2? In our antigenic determinant prediction assays, significant homologous antigen epitope pairs between PGK1, TMABA-DH and PRDX2 were found (Supporting information, Appendix Fig. S4 ); in addition, one predicted epitope (133-146, -KDASGNKVKAEPAK-) of PGK1 co-occurred in TMABA-DH and PRDX2. We speculate that this similar antigen epitope co-occurred in three proteins and might cause antigen-activation in KD.
In KD, endothelial cells have been described as immune target cells [10] ; nonetheless, few researches concerning anti-endothelial cell antibodies in KD have been reported. Endothelial cells may be not the best candidates due to the variation of protein abundance in different conditions [23] . In our other study, HUVEC cell proteome was extracted as antigen and antigen recognition reaction was performed using the serum samples as antibodies; target protein was detected and identified, but no PGK1 was detected: PGK1 cannot be detected in HUVEC cells. We found that HeLa cells were also suitable for antibody screening. The novel antigen of KD discovered in HeLa cells, i.e. PGK1, was confirmed to be expressed in cytoplasm but absent in nucleus, and is involved in several important biological processes, including angiogenesis and glycolysis [24] . PGK1 has also been described in a number of diseases, including prostate cancer [25] . Immune response that attacks normal host cells by antibodies is a common feature in immune diseases. Some of these antibodies are pathogenic, whereas others act as indicators of specific organ involvement [26] . As the presence of anti-PGK1 antibodies may bring an abnormal immune response, we speculate that abundant antibodies against PGK1 might cross-link crucial signalling molecules and disrupt normal angiogenesis functions and the glycolytic pathway in humans, which lead to vascular inflammation in KD. To determine if the results are related to IVIG administration, the immunofluorescence HeLabased Western blot and PGK1-based Western blot were repeated with IVIG [5% human Ig (pH4) for intravenous injection; Taibang Health, China] as a control. The HeLa cell chip could be recognized by IVIG without being diluted, but cannot be recognized by IVIG, which was diluted 1 : 100 (Supporting information, Appendix Fig. S4 ). HeLa cell proteome was extracted as antigens and the Western blot assay was performed using different concentrations of IVIG as antibodies. No positive bands were detected between 40 and 55 kDa. Furthermore, when recombinant human PGK1 protein-based Western blotting was performed with IVIG, it was shown that PGK1 protein cannot be recognized by IVIG (Supporting information, Appendix  Fig. S5 ). In addition, with a more detailed analysis of the clinical date, there was no significant difference in the overall inflammation between the KD and FC groups (Supporting information, Appendix Fig. S6 ). The anti-PGK1 antibody level is not related to degree of inflammation (Supporting information, Appendix Fig. S7 ), suggesting that the differences in PGK1 antibodies are not due to a polyclonal stimulation in KD. Furthermore, there were no greater antibody titres comparing with the KD group with coronary artery lesions (CAL) and without CAL (Supporting information, Appendix Fig. S8 ).
In this study, only a proportion of the KD patient serum recognized PGK1; IgG against PGK1 was detected in 46% sera in KD patients, but it is possible that PGK1 has its value in facilitating the laboratory diagnosis of KD. However, the limitations of our work should be taken into account. Further research is necessary to elucidate the role of anti-PGK1 antibodies in the pathogenesis of KD, and more clinical data need to be obtained.
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